Abstract Seleno-short-chain chitosan (SSCC) is a synthesized chitosan derivative. In this study, antitumor activity and underlying mechanism of SSCC on human non-small-cell lung cancer A549 cells were investigated in vitro. The MTT assay showed that SSCC could inhibit cell viability in a dose-and timedependent manner, and 200 lg/ml SSCC exhibited significantly toxic effects on A549 cells. The cell cycle assay showed that SSCC triggered S phase cell cycle arrest in a dose-and time-dependent manner, which was related to a downregulation of S phase associated cyclin A. The DAPI staining and Annexin V-FITC/PI double staining identified that the SSCC could induce A549 cells apoptosis. Further studies found that SSCC led to the generation of reactive oxygen species (ROS) and the disruption of mitochondrial membrane potential (MMP) by DCFH-DA and Rhodamin 123 staining, respectively. Meanwhile, free radical scavengers N-acetyl-L-cysteine (NAC) pretreatment confirmed that SSCC-induced A549 cells apoptosis was associated with ROS generation. Furthermore, real-time PCR and western blot assay showed that SSCC upregulated Bax and down-regulated Bcl-2, subsequently incited the release of cytochrome c from mitochondria to cytoplasm, activated the increase of cleaved-caspase 3 and finally induced A549 cells apoptosis in vitro. In general, the present study demonstrated that SSCC induced A549 cells apoptosis via ROS-mediated mitochondrial apoptosis pathway.
Introduction
Lung cancer is one of the most common malignant carcinomas in the world. Annually, about 1.8 million lung cancers are diagnosed and 1.6 million patients die from lung cancer worldwide. According to the cell type, lung cancer is categorized into non-small-cell lung cancer and small-cell lung cancer. Non-small-cell lung cancer (NSCLC) accounts for more than 80% of all lung cancers. Surgery, chemotherapy and radiotherapy are the most widely-used therapies for NSCLC, however, they are not always helpful and the clinic effects are unsatisfying (Sui et al. 2016) . Currently, although chemotherapy has been regarded as one of the most effective therapies and some new antitumor drugs have been developed, lung cancer still has a low cure rate . Increasing researches showed that chemotherapeutic compounds have toxic effects on normal cells and might lead to multiple organ damage, and further deteriorate life quality of lung cancer patients (Rukkijakan et al. 2016) . Therefore, it is urgent to search for novel and effective antitumor compounds with low toxicity for patients.
Apoptosis is programmed cell death process that consists of a cascade of molecular events in stimulated cells. The extrinsic death receptor pathway and the intrinsic mitochondrial pathway are two major apoptosis pathways (Lee and Hong 2010) . Reactive oxygen species (ROS) is a family of active molecules containing superoxide anion radical, hydrogen peroxide, singlet oxygen and hydroxyl radical, which are mainly produced by mitochondria. Low levels of ROS act as a physiological regulator for the proliferation and differentiation of normal cells. However, excess intracellular ROS could cause oxidative damage to lipids, DNA and proteins via apoptosis (Mieyal et al. 2008) . In detail, in apoptotic cells, over-expression of intracellular ROS damages respiratory chain and inhibits mitochondrial electron transport chain, which leads to the transition of mitochondrial permeability and the loss of mitochondrial membrane potential (MMP) (Zhou et al. 2013 ). Subsequently, mitochondrial permeability transition pores (PTP) open and cytochrome c (Cyt c) is released from mitochondria into cytosol. Finally, caspase-cascade system is activated and thereby induces tumor cell apoptosis (Hua et al. 2015) . Recently, numerous researches showed that many antitumor compounds targeting ROS metabolism could induce tumor cell apoptosis and might develop into potential antitumor drugs (Deepagan et al. 2016) .
Selenium is an essential trace element that plays an important role in the therapy of hypercholesterolemia, cardiovascular disease and cancers. Epidemiological data showed that both organic and inorganic forms of Se are able to induce tumor cells apoptosis via several mechanisms, such as oxidative stress, cell cycle arrest or the activation of caspase enzymes (Dong et al. 2002; Lee et al. 2005; Stewart et al. 1999) . Especially, selenium polysaccharides have gained wide attention due to the effectively biological activity and low toxicity on patients. Selenide mannan, SeGLP and Ch-SeNPs have been reported for antitumor activities in Hep G 2 cells (Decker et al. 2001; Estevez et al. 2014; Yang et al. 1992) . Accordingly, SeASP2 also displayed obvious anti-proliferation activity to three tumor cell lines including Hep G2, A549 and Hela cells (Wang et al. 2016) . Chitosan is a polysaccharide and is derived from partial deacetylation of chitin, which is composed of b-(1-4)-linked D-glucosamine and N-acetyl glucosamine subunits. Owing to unique polymeric cationic characteristic, good biocompatibility and low toxicity, chitosan has been widely applied in food and pharmaceutics (Anal et al. 2006 ). Therefore, combination of selenium and chitosan will develop into a potential chemopreventive compound for oncotherapy. Our previous study showed that seleno-short-chain chitosan is a synthesized chitosan derivative with the molecular weight distribution of 5000-10,000 Da and chemically modified by introducing more stable selenic acid groups (-SeO 3 -) to -OH or -NH 2 groups. It was also observed that seleno-short-chain chitosan could suppress suspended human leukemia K562 cells growth in vitro (Liu et al. 2008 ). However, it still unknown whether seleno-short-chain chitosan has an antitumor activity on adherent non-small-cell lung cancer A549 in vitro. The present study aimed to explore the cytotoxicity of seleno-short-chain chitosan on A549 cells in vitro and to investigate the possible apoptosis mechanism.
Materials and methods

Reagents
Seleno-short-chain chitosan (SSCC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). FITC Annexin V/PI apoptosis detection kit was obtained from Keygen Biotech (Nanjing, China). RT-PCR Kit and SYBR Synthesis of seleno-short-chain chitosan Seleno-short-chain chitosan (SSCC) was synthesized as described previous (Liu et al. 2008) . Briefly, 10 g chitosan was dissolved with acetic acid solution (100 ml, 5%), and was degraded with 3% hydrogen peroxide. Then the supernatants of chitosan were harvested by centrifugation (200 rpm/4 g, 12 h). SeO 2 and chitosan solution (1:10, w/v) were mixed and reacted in the condition of vacuum (45°C, 24 h). After the synthesis, the reaction mixture was dialyzed using a 5 kDa cutoff dialysis membrane for 24 h at room temperature and precipitated by ethanol to get SSCC (Patent Number CN1600793A).
In the present study, 20 mg/ml SSCC solution and saturated 2,5-Dihydroxy benzoic acid (DHB) matrix solution (1:1, v/v) were mixed. The mixture (2 ll) was spotted to stainless steel target and allowed to dry. The molecular weight of SSCC was detected by matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Bruker Daltonics Inc, Billerica, MA, USA). The chemical structure and molecular weight distribution of SSCC are shown in Fig. 1 .
Cell culture A549 cells and normal lung MRC-5 cells (Tianjin Medical University, Tianjin, China) were cultured in RPMI 1640 medium containing 10% (v/v) heat inactivated fetal bovine serum (FBS) (Thermo Scientific Hyclone, Shanghai, China), 100 U/ml penicillin and 100 lg/ml streptomycin (Gibco, Burlington, ON, Canada). The cells were kept at 37°C in a humidified atmosphere containing 5% CO 2 . Cell viability assay
The effect of SSCC on cell viability was analyzed by MTT method. The cells were seeded in 96-well plates at a density of 5 9 10 3 /well and incubated for 24 h. Then cells were exposed to different concentrations of SSCC for 24-72 h, respectively. 20 ll MTT solution (5 mg/ml) was added and incubated for additional 4 h at 37°C. The precipitated formazan was dissolved with 150 ll DMSO and the absorbance was measured at 570 nm using an ELISA reader (Model 680; BioRad, Hercules, CA, USA). Cell viability was calculated using the following formula: cell viability (%) = b/a 9 100%, where a and b stand for the absorbance of the control and treatment cells, respectively ).
Cell cycle assay
Cell cycle was detected by PI staining. After incubation for 24 h, A549 cells were exposed to different concentrations of SSCC (100, 200 and 400 lg/ml) for different time. Then the cells were washed with PBS and fixed with cold 70% ethanol (stored at -20°C) overnight. Next, A549 cells were incubated with RNase A (0.1 mg/ml) at 37°C for 30 min. Finally, they were stained with PI (50 lg/ml) in dark at 37°C for 30 min. The percentages of the stained cells in each phase were measured by flow cytometry (BD FACSCalibur, San Jose, CA, USA), and analyzed by ModFit LT software.
Morphological changes of cell nucleus assay
The morphological changes of typical apoptosis cell nucleus were examined by DAPI staining. After incubation for 24 h, A549 cells were treated with 200 lg/ml SSCC for 24-72 h at 37°C. Then the cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min. The fixed cells were stained with DAPI (1.5 lg/ml) in the dark at room temperature for 15 min and washed with PBS. Finally, the apoptotic cells were observed by inverted fluorescence microscope (Nikon, Tokyo, Japan).
Cell apoptosis assay
The apoptosis rate of A549 cells was detected using FITC Annexin V/PI apoptosis detection kit. After incubation for 24 h, the cells were exposed to 200 lg/ ml SSCC for 24-72 h, then harvested and washed with PBS. Next, the cells were resuspended in annexinVbinding buffer and incubated with annexinV/PI in dark for 10 min according to the manufacture's instructions. The levels of apoptotic cells were measured by flow cytometry (BD FACSCalibur), and analyzed by CellQuest Pro. Software. NAC was used in this process as a free radical scavenger. A549 cells were pretreatment with 5 mM NAC (Hua et al. 2015) for 12 h and then the cells were treated with 200 lg/ml SSCC for 60 h. Cell apoptosis was inhibited and the percentages of apoptotic cells were also measured in the same conditions.
Generation of intracellular ROS assay
The generation of intracellular ROS was measured by DCFH-DA staining. After incubation in 6-well plates for 24 h, A549 cells were treated with 200 lg/ml SSCC for 24-72 h. Then cells were resuspended in PBS containing 10 lM DCFH-DA at 37°C for 30 min. Finally, cells were analyzed with flow cytometry. In the ROS inhibitor group, cells were pretreated with 5 mM NAC for 12 h following 200 lg/ml SSCC for 60 h, and the levels of ROS were measured in the same condition.
Mitochondrial membrane potential assay
The mitochondrial membrane potential (MMP) was determined by Rhodamin 123 staining. A549 cells were seeded into 6-well plates for 24 h and treated with 200 lg/ml SSCC for 24-72 h, then harvested and washed with PBS. Next, cells were incubated with 5 mg/ml Rhodamin 123 for 30 min in the dark at 37°C. The MMP was examined with flow cytometry and analyzed by Cell Quest software (BD, USA). In the ROS inhibitor group, cells were pretreated with 5 mM NAC for 12 h following 200 lg/ml SSCC for 60 h and the disruption of MMP was measured in the same condition.
Real-time PCR assay
To explore apoptosis mechanism, the mRNA levels of Bax and Bcl-2 were detected by real-time PCR. A549 cells were treated with 200 lg/ml SSCC for 24-72 h, and total RNA was extracted using Trizol reagent. The RNA concentration was determined using BioPhotometer plus of Eppendorf Company (Hamburg, Germany). The reverse transcript of RNA to cDNA was synthesized by using Bio-rad MyCycler Thermal Cycler according to RT-PCR Kit (TaKaRa, Dalian, China) . The primers sequences were summarized in Table 1 . To obtain the relative quantitative values for gene expression, GAPDH was used as an internal control. Real-time PCR was performed using qTOWER 2.2 of Analytik Jena Company (Jena, Germany) according to SYBR Ò Premix Ex Taq TM II Kit (Takara, Dalian, China). The quantitative calculation was performed by the 2 -DDCt method.
Western blot assay
The expression of proteins related to mitochondria apoptosis was detected by western blot. In brief, after treatment with 200 lg/ml SSCC for 24-72 h, A549 cells were harvested and lysed using PIPA or cytosolic protein lysis buffer. Concentration of proteins was quantified using Bradford Protein Assay Kit. The supernatants proteins were mixed with 19 reducing electrophoresis loading buffer and boiled for 5 min. Protein samples (50-70 lg) were separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane by semi-dry blotting. Membranes were blocked with 5% bovine serum albumin for 2 h at room temperature and incubated with primary antibody overnight at 4°C. Then membranes were further incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody for 1.5 h at room temperature. Protein bands were examined using chemiluminescence (ECL) reagent and exposed to X-ray photographic films in a darkroom. Then the bands were visualized with Quantity One software.
Statistical analysis
All experiments were performed at least three times. Experimental data were presented as mean ± standard deviation. Significant differences were established through analysis of variance (ANOVA) and mean comparisons were achieved by Duncan's multiple range test. Data analysis was evaluated using SPSS software (SPSS Inc., Chicago, IL, USA). *p \ 0.05 was considered statistically significant difference.
Results
Cytotoxicity of SSCC on A549 cells
The chemical structure of seleno-short-chain chitosan (SSCC) is showed in Fig. 1a . The matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) assay (Fig. 1b) showed that the molecular weight of SSCC was about 4826.986 Da. In order to explore toxic effects of SSCC on A549 cells and normal lung MRC-5 cells in vitro, cell viability was examined by MTT method. The results (Fig. 1c) showed that SSCC reduced A549 cells viability in a dose-and time-dependent manner (p \ 0.05). Meanwhile, it was noted that 200 lg/ml SSCC caused remarkable cytotoxicity on A549 cells. However, normal lung MRC-5 cells were observed to survive at the highest concentration of 800 lg/ml SSCC (p \ 0.05). The data showed that toxic effects of SSCC on A549 cell were a slow process, and inhibition rate could attain 89.25% after incubation of 72 h. Thus, 200 lg/ml SSCC was selected for the next investigations. SSCC induced S phase cell cycle arrest in A549 cells
To further investigate the effect of SSCC on cell cycle progression, the number of cells in each phase of cell cycle was detected by flow cytometry. A549 cells were treated with different concentrations of SSCC (100, 200 and 400 lg/ml) for 48 h. The result (Fig. 2a, c) showed that the percentages of cells in S phase significantly increased from 16.14 to 47.99% in a dose-dependent manner, with a concomitant decrease in the G 0 /G 1 phase from 77.95 to 46.27% (p \ 0.05). Moreover, cells were treated with 200 lg/ml SSCC for 24-72 h. The result (Fig. 2b, d) showed the number of cells in S phase increased from 17.54 to 45.79% in a time-dependent manner, with a concomitant decrease in the G 0 /G 1 phase from 66.27 to 40.94% (p \ 0.05). These data indicated that SSCC could induce S phase cell cycle arrest in a dose-and timedependent manner. The percentages of Sub G 1 cells represent the levels of apoptotic cells (Shu et al. 2014) , our data showed that SSCC elevated the numbers of apoptotic nuclei and induced A549 cells apoptosis in vitro. Furthermore, the protein levels of S phase related cyclin A and cyclin-dependent kinase CDK2 were determined by western blot. The result (Fig. 2e ) were analyzed by western blot. *p \ 0.05 compared to control group was considered as statistically significant difference showed that SSCC treatment caused a downregulation of S phase associated cyclin A, while the expression of CDK2 was not affected. These data demonstrated that SSCC-induced suppression on A549 cells was possibly mediated by slowing down cell cycle progress in S phase.
SSCC induced apoptosis in A549 cells
Cell morphology changes and chromatin condensation of cell nucleus are crucial characteristics in the apoptosis process of various cells. The changes of cell nucleus in SSCC-treated A549 cells were detected by DAPI staining. The results (Fig. 3a) showed that the untreated cells were stained equally with blue fluorescence, which indicated the steady chromatin distribution in nucleus. Moreover, it was observed that the numbers of cells were increased in a timedependent manner. In contrast, SSCC-treated A549 cells emitted bright fluorescence due to chromatin congregation and nucleus shrinkage. As pointed to by the arrows, with the increase of incubation time, cell nucleus in the treatment group became disintegrated and formed many nucleus fragments. The externalization of phosphatidylserine as one of apoptotic hallmarks was examined by Annexin V-FITC/PI double staining. The result (Fig. 3b, c) showed that untreated cells displayed low or negative staining with both Annexin V and PI, which indicated the presence of a large number of viable cells. When treatment with 200 lg/ml SSCC for 24-72 h, the result showed the progression of cells from early to late apoptosis. The total Annexin V-positive cells (%) significantly increased from 1.61 to 29.25, 33.12, and 49.88% with the increase of incubation time of 24-72 h (p \ 0.05). NAC is usually used as a free radical scavenger. Pretreatment with 5 mM NAC for 12 h blocked effectively the cytotoxicity of SSCC on A549 cells. As shown in Fig. 3d , e, it was observed that numerous late apoptotic cells transformed into viable cells or early apoptotic cells, and the percentages of apoptotic cells decreased from 52.14 to 40.59%.
Effects of SSCC on ROS generation and mitochondrial membrane potential (MMP)
Researches showed that the disruption of MMP is always associated with mitochondria apoptosis pathway (Zhang et al. 2012) . In order to explore the possible mechanism of SSCC-treated A549 cells apoptosis, the disruption of MMP were analyzed by Rhodamine 123 staining. The results (Fig. 4a, b) showed that fluorescence intensity of Rhodamine 123 significantly decreased from 99.56 to 72.86, 32.92 and 21.41% in a time-dependent manner after treatment with 200 lg/ml SSCC (p \ 0.05). Meanwhile, it was observed that NAC inhibited SSCC-induced loss of MMP and the percentages of MMP increased from 23.91 to 45.82% after pretreatment with 5 mM NAC for 12 h (p \ 0.05) (Fig. 4c, d ). These data indicate that mitochondria apoptosis pathway was involved in SSCC-induced apoptosis in A549 cells.
The generation of intracellular ROS and depletion of glutathione (GSH) are usually related to the disruption of MMP and eventually induce cell apoptosis (Chan et al. 2015) . To investigate the effect of SSCC on intracellular ROS of A549 cells, the generation of ROS was analyzed by DCFH-DA staining. The results (Fig. 5a, b) showed that SSCC induced ROS generation in a time-dependent manner. After treatment with 200 lg/ml SSCC for 24-72 h, the levels of ROS increased from 1.45 to 10.48, 18.91 and 52.62% (p \ 0.05). Mean while, NAC decreased the production of SSCC-induced ROS. The data (Fig. 5c, d) showed that the intracellular ROS declined from 59.71 to 37.43% after pretreatment with 5 mM NAC for 12 h (p \ 0.05). These results further confirmed that SSCC-induced apoptosis in A549 cells was triggered by high levels of intracellular ROS.
Effects of SSCC on apoptosis-related regulators involved in mitochondrial pathway
To explore the molecular mechanism of SSCCinduced A549 cells apoptosis, the mRNA levels of Bax and Bcl-2 were measured by real-time PCR. As shown in Fig. 6a , compared with control group, the mRNA level of Bax significantly increased, while the mRNA level of Bcl-2 decreased, which led to a timedependent up-regulation of Bax/Bcl-2 ratio in SSCCtreated A549 cells (p \ 0.05). To further verify the mitochondrial apoptosis mechanism, the protein levels of Bax, Bcl-2, Cyt c, pro-caspase 3 and cleavedcaspase 3 were measured by western blot. The result (Fig. 6b) showed that SSCC increased the protein levels of Bax, Cyt c, cleaved-caspase 3 and decreased the expression of Bcl-2. These data indicated that antitumor activity of SSCC on A549 cells was performed through ROS-mediated mitochondrial apoptosis pathway.
Discussion
Proliferation inhibition and apoptosis induction of tumor cells are effective ways to prevent cell growth and eliminate tumors in vivo and in vitro. Apoptosis is an evolutionarily conserved program for cell selfdestruction that occurs under a variety of physiological and pathological conditions, such as chemical reagents, radiation, free radicals, and virus infection (Ma et al. 2014) . In the present study, a synthesized seleno-short-chain chitosan (SSCC) with the molecular weight of 4826.986 Da was explored due to its prominent antitumor activity and low toxic effects on normal cell. MTT assay showed SSCC could inhibit non-small-cell lung cancer A549 cells viability in vitro in a dose-and time-dependent manner. Moreover, 200 lg/ml SSCC caused remarkable growth inhibition and the inhibition rate attained about 89.25% after treatment for 72 h. In contrast, SSCC exhibited low cytotoxicity on normal lung MRC-5 cells in vitro, which supported the application of SSCC in the clinic lung cancer treatment. The result was in agreement with our previous study that SSCC suppressed the growth of suspended human leukemia K562 cells in vitro and exhibited few toxic effect on normal mouse embryonic fibroblasts NIH3T3. However, the most effective inhibition concentration of SSCC on K562 cells was 100 lg/ml, which may be associated with the type of tumor cells (Liu et al. 2008) .
Apoptosis induction of tumor cells could be triggered by cell cycle arrest. Numerous researches showed that many antitumor drugs could block cell cycle at a specific checkpoint and thereby induce cell apoptosis (Chang et al. 2013; Zhang et al. 2015) . Sub G 1 represents the percentages of tumor cell apoptosis nuclei and it is used to detect the number of apoptotic cells (Shu et al. 2014) . In this study, SSCC increased the percentages of apoptotic cells and arrested A549 cell cycle in S phase in a dose-and time-dependent manner, which indicated that SSCC-treated A549 cells underwent an apoptosis process and cell cycle arrest in S phase was one of the mechanisms of growth inhibition. A number of reports showed that cell cycle progression is tightly regulated through complex network of cell cycle regulatory molecules. Cyclin A and cyclin-dependent kinase CDK2 protein regulate the progression of cell cycle in S phase (Su et al. 2015) , our result showed that SSCC down-regulated the expression of cyclin A, however, there was no significant effect on the expression of CDK2. These data further demonstrated that SSCC triggered S phase cell cycle arrest of A549 cells in vitro. With the occurrence of apoptosis, some morphological features including chromatin condensation, DNA fragmentation, and formation of apoptotic body in A549 cells were also observed by DAPI staining. Furthermore, the translocation of phosphatidylserine from the inner to the outer leaflet of the plasma membrane is a crucial process in apoptotic cells (Jiang et al. 2016) . To calculate the percentages of apoptotic cells, annexinV-FITC/PI staining was thus performed. The result showed that the total Annexin V-positive cells contained early and late apoptotic cells significantly increased in a time-dependent manner and the apoptosis rate of A549 cells could attain 49.88% after treatment with 200 lg/ml SSCC for 72 h. Similarly, according to the research of Hua et al. (2015) , 40 lM cepharanthine induced A549 cells apoptosis and the apoptosis rate could reach 44.87% in vitro. In addition, Zhang et al. (2016) found that CSTMP, a tetramethylpyrazine analogue, displayed potential cytotoxicity on A549 cells and the percentages of apoptotic cells reached about 35% after treatment with 150 lM CSTMP. Moreover, in this study, NAC as a free radical scavenger blocked the toxic effects of SSCC on A549 cells in vitro. These findings indicated that SSCC triggered toxic impacts on A549 cells through the generation of ROS. ROS are recognized as mediators of apoptosis signaling pathway. High levels of ROS are able to induce DNA damage, genomic instability and cell apoptosis. Mounting researches have demonstrated that ROS could lead to apoptosis in many different cell types (Simon et al. 2000) . In this work, we found that SSCC significantly increased ROS levels and decreased MMP distribution in a time-dependent manner. Additionally, pretreatment with the free radical scavenger NAC distinctly attenuated the generation of ROS and the loss of MMP, and further weakened A549 cells apoptosis, which identified that the SSCC-induced A549 cells apoptosis was associated with generation of ROS.
The Bcl-2 family is composed of crucial regulatory proteins involved in the mitochondrial apoptosis pathway. Members of this family such as Bax and Bcl-2 are involved in complex interactions with each other to determine cell apoptosis. Bcl-2 inhibits the release of Cyt c from mitochondria to the cytosol and promote cell growth, while Bax opens the mitochondrial permeability transition pores (PTP), leading to the disruption of MMP and further resulting in the release of Cyt c (Danial and Korsmeyer 2004; Tedeschi 1980) . When the ratio of Bax/Bcl-2 increased, the protective effects of Bcl-2 on the mitochondrial membrane are blocked and mitochondrial membrane permeability enhanced, allowing Cyt c leaking into cytosol and triggering cell apoptosis (Ma et al. 2014 ). In the current study, a significant time-dependent up-regulation of Bax and a downregulation of Bcl-2 were observed in SSCC-treated A549 cells by real-time PCR and western blot, which led to an elevation of Bax/Bcl-2 ratio and the release of Cyt c from mitochondria to cytosol. Caspase 3 is one of the most common apoptosis executioners, which is responsible for the majority of apoptosis processes and usually exists in form of an inactive pro-enzyme. Once the released Cyt c is combined with cytosolic apoptosis protease activating factor (Apaf-1) and caspase 9, the cleaved-caspase 3 is activated and eventually leads to cell death (Renner et al. 2003; Wu et al. 2005) . Our data showed that protein level of cleaved-caspase 3 is elevated in a time-dependent manner, which suggested A549 cells have undergone irreversible apoptosis. In a word, these findings indicated that SSCC-induced A549 cells apoptosis was associated to the ROSmediated mitochondrial apoptosis pathway. The results were in agreement with other selenium compounds which induce tumor cells apoptosis through the mitochondrial apoptosis pathway (Fernandes and Gandin 2015; He et al. 2013; Sarada et al. 2008 ).
The present work demonstrated that SSCC-induced apoptosis in human non-small-cell lung cancer A549 cells was activated through the ROS-regulated mitochondrial pathway in vitro. These findings provide a new insight for further clinic application of SSCC as a potential antitumor drug. In a follow-up study, we will explore the toxic effects of SSCC on A549 cells in vivo.
